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This paper offers a brief review on the detection and characterization of biological and other
organic-carbon (OC) aerosol particles in atmosphere using laser-induced-fluorescence (LIF)
signatures. It focuses on single individual particles or aggregates in the micron and super-
micron size range when they are successively drawn through the interrogation volume of a
point detection system. Related technologies for these systems that have been developed in
last two decades are also discussed. These results should provide a complementary view for
studying atmospheric aerosol particles, particularly bioaerosol and OC aerosol particles
from other analytical technologies.
Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Organic-carbon (OC) aerosols, including bioaerosols, play
an important role in atmospheric aerosols. They are essential
to fields of science ranging from Earth climate to human
health. Extensive research over many years has been aimed at
detecting and characterizing the OC and bioaerosol fraction of
atmospheric aerosols using a variety of techniques ranging
from bacteria cultures, to single particle mass spectrometry
(MS), to chromatographic studies of extracts of collected
particles. Typically, the various methods provide very different
information, each affording a different view of the extremely
complex mixture of atmospheric aerosols. Optical and elec-
tron microscopy imaging can supply particle size and shape
directly, whereas elastic scattering uncovers morphology
information, as well, even from single-moving particles.
Laser-breakdown (LIBs) and X-ray fluorescence spectroscopy
can determine the elemental compositions of the particles,
while MS reveals the elemental composition along with some
molecular fragments of particles, representing the mostn access article under the Cwidely used techniques in aerosol characterization. Infrared
(IR) absorption and Raman spectroscopy provide rotational
and vibrational information on the molecular compositions
of the particles, and laser-induced fluorescence (LIF) spec-
troscopy focuses on the electronic, ro-vibrational structures
of molecules within particles. Culturing of bacteria, other
microorganisms, and viruses collected in air samples can, in
some cases, impart definitive information relating to the
viability and identification of the genus or species through
various biochemical analyses. Other methods, like nuclear
magnetic resonance (NMR), can be used to estimate the
fractions of hydrogen atoms bound, e.g., CQO, and C–O.
Collections of aerosol particles can be fractionated on the
basis of their physiochemical properties, such as solubility,
tendency to elute into specific solvents, retention times in
chromate-graphic columns and electrophoretic mobility.
Among these technologies, MS, LIBs, LIF, and elastic scatter-
ing can rapidly record the properties of a single airborne
aerosol particle when the particle is successively drawn
through the interrogation volume of a system. Single
aerosol particle diagnostic techniques have the advantages
of avoiding definitive inferences, obtaining the composi-
tions of individual particles and detecting the rapid time
variations of specific, low concentration aerosol species thatC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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in the collected samples.
Atmospheric aerosol particles are mainly composed of
viruses (50–200 nm), smoke (50 nm–1 μm), dust
(0.5–10 μm), bacteria (0.5–10 μm), pollen, and fungi
(5–100 μm). OC aerosols in atmosphere range from small
molecules such as oxalic acid or phenols, to polycyclic
aromatic hydrocarbons (PAHs), to viable bacteria, fungi
and spores (each of which are composed of many thou-
sands of different kinds of organic molecules), to highly
complex mixtures of decomposition products of biological
materials (e.g., humic substances), to secondary OC (SOC)
aerosols formed initially by oxidation of volatile organics.
OC aerosols can include alkanes, alkenes, carboxylic acids,
ketones, phenols, furans, terpenoids, PAHs, aromatic poly-
acids, lignans, cellulose, humic and fulvic acids, humic-like
substances (HULIS), pollens, bacteria, bacterial spores,
viruses and fungal spores. The relative contribution of
primary organic aerosols (particles directly injected into
the atmosphere) and secondary organic aerosols (particles
formed by gas-to-particle conversion) is highly variable and
can be affected by meteorological factors. Processes that
generate OC aerosols include biomass combustion; residen-
tial wood and coal burning; cooking; the nucleation and
growth of new particles in urban environments; microbial
decay of plant matter; the emission of volatile OCs by
vegetation and bacteria followed by oxidation, and then
condensation into SOC aerosols; microbial and biochemical
degradation of organic debris in the soil; wind action
around dairy and cattle feedlots; farming operations; sew-
age wastewater treatment plants; and bubbles bursting
from the ocean's surface through wave action. Most air-
borne bacteria are derived from plants, soil and water
bodies. Both primary OC and SOC aerosols may be aged in
the atmosphere. Bioaerosols and humic materials tend to be
very complicated even before they undergo aging in the
atmosphere. Although the far simpler types of primary OC
aerosols, the chemical reactions that age these aerosols and
the resulting aged aerosols can be extremely complex. This
suggests that we have much more to learn about OC
aerosols in the Earth's atmosphere. Some review papers,
even when just dealing with primary biological aerosol
particles (PBAPs) in the atmosphere, experience big chal-
lenges in atmospheric aerosol study. Després et al. sum-
marized the sampling methods, specifically, the physical,
chemical and biological techniques for PBAP analysis, which
included cultivation, microscopy, DNA/RNA analysis, chemi-
cal tracers, optical and mass spectrometry [16]. Another
paper discussed the large variation in PBAPs based on
different seasons and locations, even just the contributions
from fungi display significant variation for OCs in atmo-
sphere [3]. A more broad review article summarized the
current understanding in the properties and interactions of
atmospheric aerosols and their effects on climate and
human health [81].
Studies show that fluorescence spectroscopy can be used
effectively to broadly classify organic compounds, including
biological materials, while non-organic compounds are, in
general, only weakly fluorescent in atmospheric aerosols.
A number of rudimentary measurements of the fluorescence
excitation and emission matrix (EEM) spectra of a variety ofsamples aimed at characterizing atmospheric OC aerosols
have been reported. These fluorescence signatures include
(a) integrated signatures from particles or water-soluble
extracts of atmospheric aerosol particles/droplets collected
on filters or substrates (e.g., [17,49,60,90]); (b) integrated
signatures from a plume of atmospheric aerosol particles
measured by fluorescence light detection and ranging (LIDAR)
(e.g., [57,94,15,7,51,99,22,43,56,102]); and (c) signatures from
individual single aerosol particles drawn into fluorescence
point sensors (e.g., [78,79,63,64,68,71,24,25,26,34,101,100]).
The integrated fluorescence spectra obtained from a group
of aerosol particles, or the partial extracts from them, provide
some information about the compositions of the particles in
(a) and (b), but it is far from what we can get from the
fluorescence spectra measured from individual single aerosol
particles in (c). In addition, regardless of whether or not they
are water-soluble, the fluorescence spectra from individual
single atmospheric aerosol particles include SOC particles and
PBAPs such as plant, animal, and insect debris, fungal spores,
pollens, and bacteria that may not be soluble in water.
Therefore, this paper focuses on the measurement of LIF from
single individual particles or aggregates in a size range around
1–100 μm in diameter here. These results should provide a
complementary view in the detection and characterization of
biological and other OC aerosols in the atmosphere.2. Fluorescent molecules and their excitation-emission
matrix (EEM) spectra in bioaerosols
The molecules responsible for most of the fluorescence in
most biological cells [52,33] are amino acids, nucleic acids,
and some of the coenzymes (e.g., the reduced form of
nicotinamide adenine dinucleotide (NADH) and its phos-
phate (NADPH), flavins (flavin mononucleotide (FMN) and
flavin adenine dinucleotide (FAD)), and the B6 vitamers), and
vitamins K and congeners. Particularly, such molecules are1) The amino acids tryptophan, tyrosine and phenylala-
nine. Each of these constitutes 1–5% of the dry weight
of some typical bacteria. The excitation and emission
maxima of these fluorophors in solution are about 255
and 282 nm for phenylalanine; 275 and 303 nm for
tyrosine, and 280 and 348 nm for tryptophan. In
proteins that contain tryptophan as well as one of
these other fluorescent amino acids, it is common for
the energy absorbed by phenylalanine and tyrosine to
be transferred to tryptophan, and emit fluorescence
around 350 nm.2) The reduced NADH and NADPH, which have excitation
and emission maxima around 340 and 450 nm.3) The flavin compounds such as riboflavin, FAD and
FADH, FMN, and a variety of flavoproteins. In aqueous
solutions flavins have excitation and emission maxima
around 450 and 520 nm, respectively, but with a red-
shifted emission peaked at 560 nm for dried flavins.
The excitation and emission maxima from biological
materials can be much more complex than the absorption
and emission peak wavelength of primary fluorophors listed
above. Because (1) the fluorescence of the primary biological
Fig. 1. Single-particle 266-nm-excited fluorescence spectra of common
fluorophors found in biological particles. Each spectrum is for a nominal
5 μm diameter. Fig. 2. Overview EEM mapping the spectral position of biological
fluorophores. Protein fluorophores are represented by solid circular
markers, coenzyme fluorophores by solid square markers and structural
fluorophores by open markers. Full width at half maximum (FWHM) of
the emission peaks is represented by horizontal and vertical bars.
Differences in relative fluorescence intensity are neglected. For multi-
modal fluorophores, all modes are shown. Data refer to measurements of
solved fluorophores in PBS. For cellulose and chitin, results of solid-state
and suspension-state spectra are shown [80].
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the pH value, concentrations of certain ions, temperature,
relative humidity, and the relative connection with other
different molecules. Many biological molecules are polymers
or oligomers of smaller building blocks. For example, (a) RNA
is a polymer of ribonucleic acids, (b) glycogen, starch and
cellulose are polymers of sugars, and (c) proteins are poly-
mers of amino acids, where the number of common amino
acids is in the low 20's. In a protein, different tyrosine or
tryptophan molecules can exhibit different fluorescence
depending upon their proximity to other amino acids in
the same or other protein molecules. Because of this, the
amount of variation in fluorescence of mixtures can be much
larger than would be expected when looking only at the
individual fluorophors [33].
One example of this effect of the local environment is
that the EEM from different biological materials are not
necessarily the same in a dried aerosol as in solution,
because the aerosols are often dry or somewhat dry (e.g.,
[32]). Fig. 1 shows the single-shot, fluorescence spectra
from individual (nominal 5-μm-diameter) dried particles
of these fluorophors, measured on-the-fly by 266 nm
excitation. Phenylalanine has weak fluorescence emission
peaked around 280 nm; tyrosine and tryptophan have
peak emission at about 310 and 340 nm. The NADH
emission peaks around 450 nm. The riboflavin emission
from dry particles peaks near 560 nm, which is strongly
red-shifted from its emission when in an aqueous solution,
where it peaks near 520 nm.
There are many other fluorescent molecules in var-
ious biological systems, e.g., the chlorophylls in plants
and blue-green algae, the fluorescent compound in the
bacterium Pseudomonas fluorescens, and the green fluor-
escent protein, but their contribution is less relevant to
aerosol characterization. Although there is an enormous
amount of chlorophyll in the environment, it shows
little fluorescence in atmospheric aerosols. It may be
that the chlorophylls have been rapidly decayed and
modified enough to fluoresce little, as when a leaf
degrades enough to have parts of it blown up as an
aerosol particle [80].The amount and composition variations of fluorescent
molecules in different bioaerosol particles offer the possibility
of detection and discrimination. Many other fluorescent
molecules in biological particles (e.g., chlorophylls, lignins,
lignans, ferulic acid) [32] can provide distinct spectral features
for better differentiation among fluorescence spectra from
various species. Viruses and protein toxins, which typically are
not associated with flavins or nicotinamide compounds,
commonly contain one or more of the fluorescing amino
acids. The spectra of fluorescent molecules also depend upon
the intracellular environment. The fluorescence EEM from
numerous possible atmospheric bioaerosols illustrates the
fundamental idea of using them to select the excitation and
detection wavelength in instrumentations. Hill et al. [32]
reported the fluorescence EEM spectra of quite a few types
of biological materials, including bacteria, pollens, spores and
grass leaves; some inorganic particles; and an oil. Pohlker
et al. [80] summarized the fluorescent biomolecules and
potential interferences in atmospheric bioaerosol particles,
as shown in Fig. 2. The others, such as the early EEM spectra
reported for seed pubescence, pollen and spores, and
senesced plant materials [92,86], humic acid bands from coral
reefs [55], fresh and aged biogenic SOC [54] are also a good
reference for bioaerosol characterization based on fluores-
cence. Saari et al. [88] also reported the fluorescence spectra of
atmospherically relevant bacterial and fungal spores and
potential interferences.
3. Development of single-particle laser-induced-
ﬂuorescence techniques
Single-particle fluorescence detection systems have
been developed based on pioneering studies by several
groups (e.g., [77,27,19,29,83,62,65,93,41,42,44,45,95,97]).
Fig. 3. (a) Fluorescence spectra measured by the DPFS for various pollens. Each spectrum is an average for 100 individual particles and is normalized to the
elastic scattering intensity for easy comparison [71]. (b) Average (1000 laser-shot) UV-LIF spectra of particulate emissions from various burning materials.
If the fluorescence spectral profiles undergo only small changes during the burn process (as for the battle-dress uniform, human hair, cigarette, plastic
water bottle, plastic spoon, plastic cup, and shredded white paper samples), only one average UV-LIF spectrum is shown. If the profiles change significantly
during the burn process (as for shredded carrots, potato-roll bread, cooked hamburger meat, wood shards, and Styrofoam cup), two or more average UV-LIF
spectra are presented [73].
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surements from elastic scattering for each particle to
estimate size, are employed in most of the biological agent
early warning systems. Such systems have also been used
to study the fluorescence of bioaerosols; and other fluor-
escent particles in the laboratory (e.g., [29,32,10,97]), and
to make continuous reagentless fluorescence measure-
ments of atmospheric aerosols on several continents (e.g.,
[78,79,65,68,71,72,34,24,25,26,101,100,80,104]). Pan et al.
[67] summarized how to select the illuminating light source
(laser, light-emitting diode (LED), or flash lamp); choose the
most suitable detector (charge-coupled device (CCD), inten-
sified CCD (ICCD), linear arrays of avalanche photodiodes, or
multianode photomultiplier tube (PMTs)); and generate the
test bioaerosol. They also reviewed the instrumentation of a
few well-known detection systems.
The representative fluorescence-based bioaerosol detection
and characterization systems are the biological agent warning
sensor (BAWS) (e.g., [83]), the ultraviolet aerodynamic particle
sizer (UV-APS) (e.g., [27]), the waveband integrated bioaerosolsensor (WIBS) (e.g., [42]), the dual-wavelength-excitation
multiple-fluorescence-band system (e.g., [97]), and the dual-
wavelength-excitation or single wavelength excitation single
particle fluorescence spectrometer (DPFS or SPFS) (e.g.,
[63,64,65,66,70,44,45]). UV-APS supplies total particle and
fluorescence particle concentration as well as the relative
fluorescence intensity by 355-nm excitation in each of the
aerodynamic size bins (0.532–20 μm), and is a good particle
sizer and fluorescence particle counter. BAWS extracts infor-
mation from the scattering particle size and fluorescence
intensities in the UV (300–400 nm) and visible bands (400–
600 nm), and can discriminate bioaerosols particles from other
non-bioaerosol particles with higher specificity than UV-APS.
Most of the commercialized or laboratory instruments based
on one or two broad fluorescence bands using one wavelength
excitation have some degree of discrimination ability similar
to UV-APS and BAWS (e.g., [77,27,83,93,19,41]).
The two-wavelength-excitation multiple fluorescence
bands systems (e.g., [42,95,97]) are able to provide more
specific discrimination between various bioaerosol particles.
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trical factor (AF), which is related to the particle's shape and is
derived from the angular elastic scattering intensity distribu-
tion, which should greatly help distinguish particles when
they are all in single particle forms (e.g., [26,101]). Comparing
a single B. subtilis (BG) spore and a single polystyrenes (PSL)
sphere, their AFs show a huge difference, but the AFs are
similar when sphere-like aggregates are formed from the two
different primary particles. The AF values for the particles
formed by the same primary particles are different when they
are in singlet, doublets, triplets, or big aggregates. Therefore,
AF, in some situations, will confuse the discrimination.
The fluorescence spectra based systems, such as DPFS,
which supplies particle size and two dispersed fluores-
cence spectra (280–700 nm) using dual wavelength exci-
tation (263/266 and 351/355 nm), provide the richest
information for every detected particle, leading to the
highest discrimination capability [63–65,70,44,45]. In gen-
eral, LIF based systems promise to be able to differentiate
bioaerosol particles from most non-bioaerosol particles
(e.g., [27,29,19,83,62,65,41]); discriminate biothreat agents
from atmospheric aerosol particles; and classify different
bioaerosol species such as pollen versus fungi, as shown in
Fig. 3(a) [42,58,71,97,44,45,28]. But keep in mind, not all
fluorescent particles are bioaerosols, and also some bio-
molecules contained aerosol particles may be below the
fluorescence detection threshold. For example, if a not-
suitable illuminating wavelength is selected, the resulting
fluorescence signal may escape detectable.
In general, the fluorescence spectral profiles from
atmospheric particles always show very broad fluores-
cence structures, covering tens to hundreds nm wave-
lengths. This makes it possible to use a few bands in
atmospheric aerosol discrimination with reasonable spec-
tral resolution. For a particular sample, the overall fluor-
escence spectral profiles from 12 different fresh
supermicron particulate emissions of burning materials
in a tube furnace exhibit either one or two broad bands
peaked from 300 to 500 nm within the 280–650 nm
spectral range when the particles are illuminated with a
263-nm laser. Different burning materials have different
profiles; some of them (cigarette, hair, uniform, paper, and
plastics) show small changes during the burning process,
and while others (beef, bread, carrot, Styrofoam, and
wood) show large variations. These initially exhibit a
single UV peak (around 310–340 nm) and a long shoulder
in visible, and then gradually evolve into a bimodal
spectrum with another visible peak (around 430–
450 nm) with intensity increasing during the burning
process (Fig. 3(b)). These spectral profiles could mainly
derive from polycyclic aromatic hydrocarbons combined
with tyrosine-like, tryptophan-like, and other humic-like
substances. Particularly, about 70% of these single-particle
fluorescence spectra have been observed from the spectra
of millions of atmospheric aerosol particles in three loca-
tions in the US; while the others, particularly these
bimodal spectra, show bigger difference from the common
atmospheric aerosol particles. Therefore, these spectra
from particulate emissions of burning materials can be
easily discriminated from that of common atmospheric
aerosol particles. It also implies that fluorescence would bea good tool for monitoring fresh burn pit emissions and
possibly for distinguishing them from aged atmospheric
aerosol particles [73].
4. UV-LIF spectra and absolute cross section from
aerosolized live agents and surrogates
The commercial availability of bioaerosol detection and
characterization systems makes atmospheric aerosol mea-
surements and deployments for routine continuous mon-
itoring feasible. However, the development and initial
testing of these systems (including their detection algo-
rithms) for infectious agents is often done with simulants
or, less commonly, with the killed agents. For example,
BG and B. thuringiensis kurstaki (Btk) are often used as
simulants for B. anthracis. Some questions regarding
agents and simulants are as follows. (1) For any given live
agent and simulant pair, do they have the same detection-
relevant properties? In the case of fluorescence detection
systems, spectrally resolved fluorescence cross sections
and spectral profiles would be the most important para-
meters at the relevant excitation wavelengths. (2) Do the
relevant properties of agents and simulants change in the
same way after they are aerosolized, released into the
atmosphere, and subjected to sunlight, water vapor, and
reactive molecules such as ozone and hydroxyl radicals?
Fig. 4 shows the averaged UV-LIF spectra of 1000 indivi-
dual aerosol particles for different measured samples excited
at 266, 273, 280, 365 and 405 nm [74]. As the live bioagents
measured are very dangerous, all the measurements were
required to carry out in a biological safety level 3 (BSL3)
laboratory. Such a system supplies a great tool for important
spectral profile and cross-section measurements from live
agents and surrogates. The five excitation wavelengths were
selected to closely match the most popular wavelengths in
various light sources for fluorescence excitation (laser, LED,
flash lamp) in the developed bioaerosol detection systems.
These fluorescence profiles and the corresponding cross
sections listed in Table 1 could be a good source for devel-
oping fluorescence-based detection systems.
The reported samples include (1) bacterial spores:
Bacillus anthracis Ames (BaA); B. atrophaeus var. globigii
(BG) (formerly known as Bacillus globigii); B. thuringiensis
israelensis (Bti); B. thuringiensis kurstaki (Btk); B. anthracis
Sterne (BaS); (2) vegetative bacteria: Escherichia coli
(E. Coli); Pantoea agglomerans (Eh) (formerly known as
Erwinia herbicola); Yersinia rohdei (Yr); Yersinia pestis CO92
(Yp); and (3) virus preparations: Venezuelan equine ence-
phalitis TC83 (VEE) and the bacteriophage MS2. The sharp
peaks around the corresponding wavelengths, particularly
at 266 nm (first row), 365 nm (the fourth row) and 405 nm
(the fifth row), are the leakages of elastic scattering, which
have not been totally blocked by the corresponding filters.
The spectra excited at 266, 273 and 280 nmwere normalized
to the same peak intensities for easy spectral profile compar-
ison. However, the spectra excited by 365 and 405 nm had
not been adjusted, other than subtracting the background
and applying the spectral response calibration, because the
fluorescence from some samples (e.g., BtK) is too weak and
too noisy to be adjusted for comparisons of the spectral
shapes.
Fig. 4. Averaged UV-LIF spectra of 1000 single aerosol particles from various live agents and surrogates excited at 266, 273, 280, 365 and 405 nm. The peaks
around the excitation wavelengths are the leakages of the elastic scattering. The spectra excited by 266, 273 and 280 nm are normalized to the same peak
intensities at about 330 nm for easy comparisons of spectral profiles. The spectra excited at 365 and 405 nm have not been normalized [74].
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Table 1
Averaged total and peak fluorescence cross sections from about 2000 (range 1000–3000) particles of various aerosolized live agents and surrogates excited
at 5 different wavelengths [74].
Excitation wavelength (nm) Name of agent Fluorescence cross
section (1012 cm2/sr particle)
Peak fluorescence cross
section (1012 cm2/sr nm particle)
Average particle
diameter (μm)
266 BaA 2.62 0.0291 1.66
266 BaS, unwashed 1.08 0.0143 1.47
266 BaS, washed 1 1.16 0.0161 1.55
266 BaS, clean 0.97 0.014 1.35
266 BG 0.74 0.0099 1.56
266 Bti 0.93 0.0127 1.37
266 Btk 1.75 0.025 1.36
266 Yp 17.94 0.2574 1.89
266 E. coli 3.05 0.0486 2.68
266 Eh 2.22 0.0344 2.79
266 Yr 2.45 0.0371 2.76
266 VEE 14.09 0.2217 2.08
266 MS2 43.05 0.5530 2.43
273 BaA 3.59 0.0492 1.96
273 BG 1.11 0.0156 1.66
273 Bti 1.21 0.0182 1.45
273 Btk 1.14 0.0178 1.36
273 Yp 25.87 0.3891 3.38
273 E. coli 6.94 0.1101 3.31
273 Eh 5.43 0.0807 3.26
273 Yr 8.00 0.1244 3.32
273 VEE 25.94 0.4401 3.5
273 MS2 80.34 0.8193 3.39
280 BaA 6.09 0.0707 1.95
280 BaS, unwashed 1.05 0.0123 1.63
280 BaS, washed 1 1.10 0.0144 1.5
280 BaS, clean 1.14 0.0154 1.51
280 BG 1.98 0.0248 1.57
280 Bti 1.90 0.0268 1.57
280 Btk 3.08 0.0448 1.49
280 Yp 24.00 0.3400 2.73
280 E. coli 11.66 0.1928 2.19
280 Eh 8.40 0.1355 2.22
280 Yr 14.96 0.2469 2.25
280 VEE 39.21 0.6006 3.27
280 MS2 57.94 0.8344 3.22
365 BaA 1.370 0.0103 1.73
365 BaS, unwashed 0.30 0.0022 1.28
365 BaS, washed 1 0.21 0.0014 1.19
365 BaS, clean 0.14 0.0009 1.19
365 BG 0.14 0.0008 1.53
365 Bti 0.14 0.0011 1.34
365 Btk 0.09 0.0006 1.3
365 Yp 1.30 0.0098 2.63
365 E. coli 0.14 0.0008 2.02
365 Eh 0.12 0.0007 1.99
365 Yr 0.17 0.0010 2.7
365 VEE 0.40 0.0023 3.01
365 MS2 15.44 0.1290 2.33
405 BaA 0.93 0.0071 1.87
405 BaS, unwashed 0.17 0.0011 1.45
405 BaS, washed 1 0.12 0.0007 1.42
405 BaS, clean 0.11 0.0007 1.36
405 BG 0.13 0.0008 1.69
405 Bti 0.07 0.0005 1.3
405 Btk 0.11 0.0008 1.56
405 Yp 0.60 0.0046 2.94
405 E. coli 0.06 0.0005 2.89
405 Eh 0.05 0.0004 3
405 Yr 0.11 0.0008 3.01
405 VEE 0.32 0.0026 2.92
405 MS2 2.98 0.0264 2.95
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280–400 nm range when excited at 266, 273 and 280 nm.
The bacteria fluorescence peaks around 320–330 nm. The
viral particle fluorescence, which is probably dominated
by the fluorescence of the lysate of the Vero cells (in the
case of VEE), or E. coli cells (in the case of MS2), and some
of the spent culture medium in which they were grown,
peaks around 310–320 nm. BaA, BaS, Yp and the MS2
sample have strong fluorescence emission at 400–
600 nm when excited at any of the five wavelengths. The
peak intensity of this visible emission (400–600 nm) is
about 1/5 to 1/10 of the UV band (280–400 nm) when
excited by 266, 273 and 280 nm. It peaks around 450 nm
when excited at 365 nm, and is red-shifted to 475–500 nm
when excited at 405 nm. Other samples have little fluor-
escence emission above 400 nm.
Table 1 summarizes the total fluorescence cross sec-
tions averaged from the data set with 1000, 2000 or 3000
particles, most commonly from 2000 particles of various
aerosolized live agents and surrogates excited by 266, 273,
280, 365 and 405 nm lasers. Note that each data row is
from a different group of aerosol particles with a different
size distribution and mean size value. Even slightly differ-
ent aerosol generation conditions may result in different
fluorescence cross sections. For bacterial spores (prepared
under the conditions as stated in the reference by [74]),
Btk has optical properties similar to BaA, based on particle
size and total fluorescence intensity via 266-, 273- or 280-
nm excitation. But BG, Bti or Btk are not good simulants for
BaA if the system is using particle size and total fluores-
cence by 355-, 365- or 405-nm excitation. None are very
suitable for a system based on particle size and two bandsTable 2
Fluorescence cross sections measured by several groups. In some cases, the num
Researcher
(s)
Sample Fluorescence cross section Peak flu
[21], Fig. 8 B. subtilis spores Wet: 11012 cm2/(sr particle)
estimated from spectrum in Fig. 8
1.510
wet aero
Dry: 0.21012 cm2/
(sr particle)(est)
0.310
for dry a
[53], Fig. 2 B.thuringiensis
spores in dry PBS
0.41012 cm2/(sr particle) est.
from number at right
0.610
aerosol
by 4π sr
[95] B. globigii (BG)
spores, Dugway,
washed
0.71012 cm2/(sr particle)
[50] B. subtilis spores,
washed
0.651012 cm2/(sr particle) 1.110
est. from
[98] B. globigii spores 0.31012 cm2/(sr particle) 0.810
[1] B. globigii spores 0.031012 cm2/(sr particle) 0.0810
[103] M. luteus 31012 cm2/(sr particle) 8101
(cross se
[74] Bacillus spores in
Table 1.
0.91–3.21012 1.2–3.6
1.1–3.61012 1.6–5.0
0.54–3.01012 cm2/
(sr particle)
0.06–3.5
particle)or multiple bands of fluorescence intensities either via
single wavelength excitation or two wavelength excitation.
Further, BG, Bti and Btk do not have spectral profiles
similar to BaA, as none of these simulants has as strong a
fluorescence emission in the visible as BaA. This result
implied that live agents don't need to have the same
optical properties as simulants; we have to choose the
best simulants that have the closest properties to the
corresponding agent for a particular fluorescence-based
bioaerosol detection system (certain excitation wavelength
and collection fluorescence wavelength range, as well as
the related discrimination algorithm). These data can aid
in the design and evaluation of bioaerosol detection
systems, and the choice of the most suitable simulants
for system development and field testing.
The difficulty in system calibration and the complica-
tion that fluorescence intensity strongly depends on the
particle size, growth conditions, dried degree of the
particles, intensity of the illuminating laser, and even
the signal collection direction ([30,31,33,6,40,51,47]) cause
the measured fluorescence cross sections to have large
variations. Even two similar systems based on the same
fluorescence band with slightly different excitation wave-
length and system design, the detected fraction of fluor-
escence particles could be quite different, such as the
study for BioScout (405-nm ex.) and UV-APS (355-nm
ex.) carried out recently [89]. Table 2 summarized the
available results for bacterial spores and vegetative cells.
For example, Faris et al. [20,21] reported spectra for
aerosolized B. subtilis, with peak 270-nm excited fluores-
cence cross sections of 1.51014 cm2/(nm sr spore) for
wet aerosol and 0.31014 cm2/(nm sr spore) for drybers shown were estimated from figures or from other reported numbers.
orescence cross section Excitation
wavelength
(nm)
State and size of sample
14 cm2/(nm sr spore) for
sol;
270 Aerosol
14 cm2/(nm sr spore)
erosol
14 cm2/(nm sr spore) for
(cross section divided
)
280 Aerosol
266 Aerosol 1 μm Converted
with fluor-elastic
assumption
14 cm2/(sr nm particle)
number at left
280 Dried spores on quartz
slide
1.1 μmx.48 μm
14 cm2/(nm sr particle) 270–290
from lamp
Aerosol held in
electrodynamic trap Broad
dist. Avg41 μm
14 cm2/(nm sr spore) 266 Dilute aqueous suspension
1 μm x 0.5 μm
4 cm2/(nm sr particle)
ction divided by 4π sr)
280 Aerosol dry
1 μm
1014 266 1.35–1.66 μm
1014 273 1.36–1.96 μm
1014 cm2/(nm sr 280 1.49–1.95 μm avg. diameter
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groups in calculating the cross sections. For examples,
Atkins et al. [1] used spores measured as 1 μm0.5 μm;
Faris et al. [20,21] used 1.25 μm0.75 μm; and Manninen
et al. [53] used 1.1 μm0.48 μm. Carrera et al. [9] found
the size of B. subtilis spores to be 1.07 μm0.48 μm using
electron microscopy. Comparisons among the values in
Table 2 are complicated by the variations in preparation
methods and the differences and uncertainties in sizes.
Considering all the difficulties and uncertainties, the
values summarized in Table 2 from different groups
appear to be within reasonable agreement.
5. The evolution of optical property of bioaerosols in
atmospheric environments
Atmospheric aging and processing of bioaerosols in the
natural environment (such as exposure to gases, sunlight,
temperature and humidity) may involve many different
chemical reactions, which occur on different time scales
(minutes, hours, days). Different sizes of bioaerosols may
respond differently to various environmental conditions
because of the different surface/volume ratios of the parti-
cles, and result in different diffusion and reaction rates with
interacting gases. There have been many studies of atmo-
spheric aging and processing of OC aerosols and bioaer-
osols, particularly on the effects of ozone and simulated
open air factors (OAFs) (e.g., [2,87,14,18]). Changes in
fluorescence spectra from pollens (not aerosolized) treated
with ozone have been measured [85]. Some correlation
between ozone and naturally occurring aerosols including
fungi, pollen and other organic materials have been
observed [105]. The long-term chemical aging of model
biogenic secondary organic aerosol (SOA) prepared from
ozonolysis of terpenses was observed to have strong
changes of absorption and fluorescence spectra [5]. Humic
substances showed big difference between fresh, reduced
and aged aerosols [46,54]. Exposure to ozone was reportedFig. 5. Typical time-dependent UV-LIF spectra (left) and difference spectra
concentrations (OZ). Where the difference spectra are the subtracted spectra
experiment and that when the particles were initially released in the chambe
0 ppb to 150 ppb in the first approximately 30 min. The spectra have been weig
351-nm excitation, and so the averaged spectra shown are the converted count
were 1 μm diameter [75].to change the absorption and fluorescence of the aromatic
amino acids in solution and in animal tissues.
N-formyl kynurinene (NFK) and kynurenine (KN) were
found to be the primary products from oxidation of
tryptophan [36,37,61,23,4,59,48]. These measurements
were carried out in aqueous solutions or on samples
collected from air onto substrates.
Continuous inspection of bioaerosols collected on a
substrate or trapped in the air could be a good analytical
path for understanding how bioaerosols change in the
atmosphere. However, the repeat interactions on the same
particle may create additional changes rather than from
the atmosphere, e.g., photo-degradation [63,64]. There-
fore, injecting bioaerosol particles into a rotating chamber
to keep particles aloft for long-term aging and observation
could be another very powerful method in studying
bioaerosol aging in various atmospheric conditions. Fig. 5
shows how the 263-nm (a, b) and 351-nm (c, d) excited
UV-LIF spectral changes with time with different ozone
concentration and at various relative humidities for octa-
peptide (Arg-Phe-Tyr-Val-Val-Met-Trp-Lys) aerosol parti-
cles. This 340-nm fluorescence band decreased to about
one-half of its initial value after 4 h at RH20% and ozone
o5 ppb (left 9a)), but decreased faster (reduced by
approximately 90%) after 4.5 h at higher RH (50%) and
ozone (150 ppb) (left (b)). Initially, the 351-nm excited
fluorescence (left (c)) has a peak intensity about 500 times
weaker than the 263-nm excited fluorescence, it changed
little at 20% RH and o5 ppb ozone concentration for 4 h.
However, at 50% RH and 150 ppb ozone it increased to
20-fold stronger than its initial intensity (left (d)). This
increase occurs primarily within the first 1.5 h. Given the
composition of the peptide and what is already known
about reactions of ozone with tryptophan, this increase in
351-nm excited fluorescence indicates that in these
octapeptide particles the ozone caused the oxidation of
tryptophan to NFK and/or KN, molecules that fluoresce in
the visible when excited at 351 nm.(right) of octapeptide aerosol particles under different RH and ozone
between the normalized average fluorescence spectrum at the end of the
r. In the cases listed at 150 ppb, the ozone increased from approximately
hted by particle diameter as 1/d2.05 for 263-nm excitation and as 1/d2.8 for
s from the measurements of the ICCD that is estimated to be if all particles
Fig. 6. A system, which was developed to study the transformation of optical properties and viability of bioaerosols exposed to different atmospheric
environments, was carried out a field measurements at the High-Bay, ARL during September 27th through October 19th.
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profiles measured initially and after 4 h (with no ozone) or
4.5 h (when ozone is added) of aging in the chamber.
All 263-nm excited spectra, with or without ozone, exhibit
slight blue shifts in the 340-nm band for an increase in
intensity at shorter wavelengths and a decrease at longer
wavelengths. These changes in intensity are less than 5%
when particles were not exposed to ozone (right (a)) but
up to about 10–15% when particles were exposed to ozone
at various RH (right (b)). The relative increase in intensity
in the visible wavelength range (400–600 nm) during the
exposure to 150 ppb ozone confirmed that one or more
new fluorescent molecules have been generated, and that
this oxidation product can also be excited at 263 nm to
fluoresce at visible wavelengths. The primary new mole-
cules are mostly NFK, KN and possibly further-modified
variants of these such as hydroxykynurenine. The E. coli, B.
thuringiengis, Yersinia rohdei, ovalbumin and MS2 (bacter-
iophage) demonstrated similar phenomena when the
interacting with ozone [91]. The fluorescence emission
peak around 340 nm appears to decrease in intensity and
become slightly blue-shifted. It decreases much faster at
high ozone concentration especially associated with high
humidity. The fluorescence peak in the 400- to 550-nm
range decreases less rapidly than the 330-nm tryptophan
peak. There are significant changes in the UV-LIF spectra
for the single MS2 particles when they are exposed to
ozone, especially at high relative humidity.
The changes become more complicated when these
bioaerosol particles are released into real atmospheric air
with various weather conditions such as under different
sunlight, humidity, temperature, pollution and trace gases.
A system shown in Fig. 6, which was developed by a group
of scientists from US Army Research Laboratory (ARL),Texas A&M University (TXA&M), Johns Hopkins University
Applied Physics Laboratory (JHU/APL) and Sandia National
Laboratories (SNL), composed of two equivalent rotating
chambers, has made this study more feasible in finding the
possible correlation between the changes in the viability,
fluorescence and various atmospheric environmental con-
dition parameters. The two chambers are sealed by UV
transparent Teflon films and rotate at 1 rpm to keep the
particles aloft for long-term aging. They are on a platform
that rotates during the day tracking the sun for maximiz-
ing exposure to sunlight without shading. The ends
of the inner volume of each drum (i.e., the drum heads)
is a membrane of porous expanded tetrafluoroethylene
(ePTFE), which prevents any particles larger than about
20 nm from entering or leaving the drum, but allows gases
to pass into and out of the drums.
In one operation mode, both drums are injected with
the same bioaerosol simultaneously, while one of the
drums is allowed to equilibrate with atmospheric gases
and the other drum equilibrates with highly cleaned
atmospheric air (with humidity adjusted back to atmo-
spheric level) in which volatile organics, ozone, NOx and
other trace gases have been removed. Several instruments
are used to monitor the aerosol properties sampled from
the drums including (1) a DSPF system for measuring
single particle fluorescence spectra excited by a 263- or
351-nm laser; (2) a TSI UVAPS for particle size, concentra-
tion and total fluorescence by 355-nm excitation; (3) two
DMAs for monitoring the growth of small particles
injected into the chamber (for indication of secondary
organic aerosol formation); (4) a solar pyrometer, ozone,
humidity, and temperature sensors for continuously
recording atmospheric environmental conditions; and (5)
bioaerosol viability measurement, where aerosol particles,
Fig. 7. Time-dependent changes of UV-LIF (263- and 351-nm excitation) fluorescence spectra of MS2 particles within a clean chamber and atmospheric
chamber measured on Oct 18, 2012, during 0900–1730 on a sunny day 1874 1C temperature, 4579% relative humidity and 40716 ppb ozone
concentration at ARL, Adelphi, MD.
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impingers (AGIs) and analyzed for colony forming units (in
the case of bacteria) or plaque-forming-units (in the case
of virus), as well as for total bacteria (liveþdead) or virus
(infectiousþnon-infectious) using q-PCR. The first field
measurement for this study was carried out from Septem-
ber 27th through October 19th, 2012 at the High-Bay
parking lot of U.S. Army Research Laboratory, Adelphi,
MD. Fig. 6(a) shows a photo of the whole system; (b)
and (c) show the essential devices for bioaerosol, clean air
and air flow generation and controlling, the DPFS for
obtaining two UV-LIF spectra from every individual aero-
sol particles, and the solar radiation, ozone concentration,
relative humidity and temperature monitors.
Fig. 7 shows one of the typical results measured on Oct
18, 2012, during 0900–1730 in a sunny day with temperature
around 1874 1C, relative humidity around 4579% and
ozone concentration around 40716 ppb. The time-
dependent intensity variation of all fluorescence bands is
summarized in the right column of Fig. 7. Basically, all the UV
and visible fluorescence bands decrease with time in the
atmospheric chamber whether they are excited by a 263- or
351 nm laser; they all decrease faster than that in the clean
air chamber. All emission bands show blue-shift. The visible
fluorescence band excited by the 263-nm laser has little
change in the clean air chamber. Similar or different varia-
tions in different days with different change rates under
different atmospheric conditions show complex correlations.
Details of these results are still under analysis. The process
could be very complicated, even just by sun illumination. For
example, bacterial bioaerosols (E. coli and BG) can be
thermally inactivated to produce various degrees of cellular
culturability. Their UV- and Vis-fluorescence intensities can
decrease with increasing deactivation temperature; it has a
much faster decreasing rate in the UV-band than that in the
visible band, which is similar to the observed phenomena
from atmospheric aging as shown in Fig. 7 [38].
These changes in fluorescence intensity and spectral
profile under different atmospheric environmentalconditions have significant impact on fluorescence-based
detection of biological aerosols. It would be wise to include
these OAFs into the discrimination algorithms in the
development of bioaerosol detection systems according
to different environmental conditions.
6. Fluorescence spectra from atmospheric aerosol
particles
Atmospheric aerosol particles contain complex external
and internal mixtures of organic and non-organic com-
pounds. There is an enormous variability in the composi-
tion of particles containing OC, especially in the biological
fraction of OC aerosols. Single-particle fluorescence spec-
tral measurements should be useful for improving our
understanding of the OC-particle fraction of atmospheric
aerosol, including sources, sinks, chemistry, variations
with season and time of day, location (urban, remote),
local wind fields, air mass trajectories, atmospheric stabi-
lity conditions, etc. The ability to measure single particle
fluorescence is particularly useful for studying a minority
population of (fluorescing) particles entrained in a domi-
nant background of non-fluorescent particles. During last
10 years, many measurements have been carried out in
Asia, Europe and North America using various bioaerosol
(more precisely fluorescence aerosol) detection and char-
acterization systems, such as by UV-APS (e.g., [39,34]);
WIBS [42,24–26,101,84]; and using one wavelength or
dual-wavelength excitation fluorescence spectra like SPFS
or DFPS [65,68,70,72,78,79,100].
Fig. 8 (upper) shows one of the typical 263-nm excited
UV-LIF spectra from a series of 1000 consecutively arriving
particles measured during 23 October 2006 in CT, over
a 16-min period [68]. Spectra of the small fraction of
particles that have the largest fluorescence emission
dominate this compressed view of the data; most of
the particles have weak fluorescence emissions and the
fluorescence peaks at different wavelengths. It presents
significant diversity of the fluorescence intensity and
Fig. 8. (Upper) raw fluorescence spectra of 1000 typical atmospheric particles measured on Oct. 23, 2006, 10:00–10:16 am at New Haven, CT. Most particles have
very weak fluorescence. The fluorescent particles emit mainly in the 300–600 nmwavelength range. The peaks at 263 nm are the scattering leakage between the
UV pulsed laser and the particles, which is used as the measurement of scattering particle size; the peak at 527 nm is from the second order of grating [68].
(Bottom) Integrated UV-LIF spectra from atmospheric aerosol particles, the associated intensity contour map, and total number of detected aerosol particles for
every 10-min interval during 17:00, Sept. 15–18:00, Sept. 16, 2009, in Adelphi, MD, using 263-nm (left) and 351-nm (right) excitation [72].
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16-min sampling of 1000 detected particles. It is a huge
challenge to analyze and further to identify the chemical
compositions of each particle only through UV-LIF spectra.
Detection and characterization of individual aerosol
particle is crucial for revealing the appearance of low
concentration particles. The UV-LIF information from
samples collected using, for instance, a rotating drum
impactor (RDI) find it difficult to search out trace particles.
Fig. 8 (bottom) shows the integrated UV-LIF spectra from
atmospheric aerosol particles, the associated intensity
contour map and total number of detected aerosol parti-
cles for every 10-min interval during 17:00, Sept. 15–18:00,
Sept. 16, 2009 in Adelphi, MD, using 263-nm (left) and
351-nm (right) excitation. They are the sum of all the
fluorescence emissions from a few thousands to a few ten
thousands of the particles detected within each 10-min
period by DPFS. These integrated spectral profiles havesmall variation during 25 h, although individual particles
have huge spectral diversities as shown in the upper part
of Fig. 8. The strong fluorescence particles peaked around
350 nm by 263-nm excitation and that peaked around
450 nm by 351-nm excitation dominated the fluorescence
particle populations.
However, the integrated UV-LIF spectra, which merge all
the divinity of individual spectra, provide spectral profiles
similar to those obtained by florescence LIDAR or a fluores-
cence detection system based on collected samples
[57,94,15,7,51,99]. The data from integrated UV-LIF spectra
should help in the evaluation and development of LIDAR
systems, as well as point detection systems based on the
fluorescence properties of collected particle on a substrate or
filter [72,79]. These integrated spectral profiles had small
variations from time to time, but are still distinguishable
from that of the bacterial simulant B. subtilis. Therefore, some
particular bioaerosol of interest should be detectable from
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tration. When excited by the 263-nm laser, the spectra
always have a broad fluorescence emission from 280–
700 nm, strongly peaked around 330–370 nm with another
weaker peak around 410–480 nm. The fluorescence intensi-
ties of these integrated spectra are always weaker at visible
than that at UV in Adelphi, MD, and New Haven, CT, but have
compareable intensities in the two wavelength regions in Las
Cruces, NM, where occasionally the UV peak is stronger than
the visible peak. This is undersanable that the two sites at
the East Coast have more bioaersol related emissions
than the NewMexico area with a lot of desert. The integrated
fluorescence spectra excited by 351-nm peaks around
420–470 nm; these were mostly from biological and
OC-containing compounds. Pearson product correlation
coefficients of the integrated fluorescence spectral profiles
between New Haven, CT, and Adelphi, MD, both show strong
correlation with high similarity [72,79].Fig. 9. Left shows the representative (template) spectra from Adelphi, MD. Th
example of the normalized fluorescence spectra of atmospheric aerosols (solid
spectra (dashed lines) they are similar to, i.e., have a dot product (between the
greater than 0.9 [78].The Hierarchical Cluster Analysis (HCA) and Nonhier-
archical Cluster Analysis (NHCA) have been applied to treat
fluorescence spectra obtained from millions of atmospheric
aerosol particles. This simplified the very complex data sets
by grouping all spectra into 8–10 clusters according to their
spectral profiles, and tried to assign the possible types of
compounds that might contribute to the fluorescence
emission of each clusters [78,79,68,70,72]. Other data
measured by WIBS (e.g., [84]) and fluorescence spectra-
based detection systems (e.g., [100]) indicated that HCA and
principal component analysis (PCA, e.g., [71]) are powerful
tools for the classification of fluorescence aerosol particles.
These measurements carried out by SPFS or DPFS in the
three sites (Adelphi, MD; New Haven, CT; and Las Cruces,
NM, USA) covered quite a different regional climate and
different season, and gives an example of how the fluores-
cence property of atmospheric aerosol particles might look
[78,79,68,70,72]. Adelphi and New Haven have moderatelye spectra are labeled in order of increasing peak wavelength. Right is an
lines) measured on 28 March 2003 from 12:52 to 13:18 and the template
normalized cluster spectrum and the normalized spectrum of the particle)
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and other vegetation. Las Cruces is near isolated riparian
areas with very low precipitation, where there are essentially
no trees, but dust storms are common. The left part of Fig. 9
shows the representative (template) spectra generated by
HCA from 16 ensembles of measured data at Adelphi in
2003. The template spectra are labeled in order of increasing
peak wavelength. The cluster number 8 was selected artifi-
cially to indicate the diversity of fluorescence spectra from
atmospheric aerosol particles, but not to make the clusters
number too high to be complicated. The right part of Fig. 9
shows an example of the normalized fluorescence spectra of
atmospheric aerosols (solid lines) measured on 28 March
2003 from 12:52 to 13:18 and the template spectra (dashed
lines) they are similar to, i.e., have a dot product (between
the normalized cluster spectrum and the normalized spec-
trum of the particle) greater than 0.9. Of the 10,000 total
spectra measured, 1127 spectra above the preset fluorescence
threshold used in the analysis, and of these, a total of 1064
were similar to at least one of the template spectra [78].
By examining and comparing with the well-known
fluorescence spectra from possible chemistry in atmo-
sphere, the template spectra are considered to be the
compounds that might contribute to them as follows [78].
Cluster 1's spectrum (peaking near 308 nm) rises shar-
ply toward shorter wavelengths but appears to be cut off
by the filters used to block the 266-nm laser scattering.
Compounds having a single aromatic ring could fall into
this cluster. Compounds that have been found in OC
aerosols and that may contribute are the benzoic acids,
dibenzoic acids, phenols, and benzaldehydes.
Cluster 2's spectrum peaks at 317 nm. This spectral type
occurs frequently and has high fluorescence intensity.
Particles in this cluster may include single-ring aromatics,
as well as single-ring aromatics having additional conju-
gated bonds. Double-ring aromatics such as napthalene
and its derivatives, or heterocyclic compounds such as
tryptophan in proteins may contribute.
Cluster 3's spectrum is bimodal with a peak near 321 nm
and a very broad shoulder between 400 and 500 nm. It
covers a pretty high percentage of fluorescent particles but
with relatively low intensity. It is similar to the spectra of
some bacterial samples, especially ones that have not been
washed well. The spectrum appears to be a mixture of
compounds. The broad hump is similar to that of some
mixtures of humic acids or HULIS compounds.
Cluster 4's spectrum (peaking near 341 nm) occurs on
reasonably high percent of fluorescent particles. Particles
in this group tend to have moderate fluorescence intensity.
This spectrum is similar to that of pure tryptophan. Other
double ring aromatic compounds (e.g., napthalenes) and
heterocyclics may have similar spectra.
Cluster 5's spectrum (peaking near 350–360 nm, but with
a long tail extending to 600 nm) has some similarity to
spectra of collections of marine aerosol. It may include
bacterial or other biological particles, but the peak emission
is further to the red than for laboratory-grown bacteria.
Particles in this fraction have small fluorescence intensity
and a comparable percentage as Cluster 3 and 4.
Cluster 6's spectrum (peaking near 380 nm) is strik-
ingly narrow and weak, and looks like sharp Raman oratom emission with very small populations, but does
appeared at all three sites within one of the 10 highest
populated clusters.
Cluster 7's spectrum (peaking near 430 nm) is similar
to spectra of cellulose, although any fluorescence from
completely pure cellulose should be very weak. Aromatic
and polycyclic aromatic compounds, nicotinamide adenine
dinucleotides, and humic acids could also be candidate
compounds. The fluorescence intensity is generally the
largest of all fractions but has low fraction.
Cluster 8's spectrum, with its very broad hump, is similar
to some spectra recorded for fulvic or humic acids or HULIS.
A complex distribution of aromatic and polycyclic aromatic
compounds could look similar. Overall this fraction has the
most fluorescent particles in all measurement, while typically
it has the lowest fluorescence intensity of any cluster.
The collected UV-LIF spectra from atmospheric aerosol
particles in three sites were processed using HCA inde-
pendently; the similarity of the resulting clusters suggests
an underlying similarity of particle formation and behavior
in the three sites. It shows that fluorescent particles are
around 5–10% of total particles detected by either SPFS or
DPFS. More than 90% of the fluorescent particles can be
grouped into 8–10 clusters, and the majority of the 8–10
spectral clusters (or the highest populated clusters) are
remarkably similar to each other independently derived
from the spectra at each site, although the proportions of
particles in the various clusters are different. Fig. 10 shows
the fluorescence spectral templates derived from HCA for
Adelphi, MD, New Haven, CT, and Las Cruces, NM data. The
percentage of (fluorescent) particles that cluster into each
template is also shown. The most highly populated cluster
is that characteristic of humic acid/HULIS (cluster 8); the
least populated is cluster 6. The measurement and analysis
of UV-LIF spectra from atmospheric aerosol particles
carried out by a Japanese group with their own developed
system observed similar spectral phenomena [100].
The fluorescence spectra excited by 351 nm from atmo-
spheric aerosol particle from New Haven, CT, and Adelphi,
MD, show similar phenomena as 263-nm excited fluorescence
spectra in long emission wavelength, as presented in Fig. 11.
It shows the UV-LIF spectra from the first 3000 fluorescent
particles at each site and how they are grouped into the
different clusters. Only the first 300 fluorescent particles are
shown for clusters 3, 4, and 5, because there are so many
spectra in these clusters. The spectra in cluster 1 and 2may be
cut off at the short-wavelength end by the long-pass filter
(cut-off wavelength is 380 nm). We also cannot tell what the
actual particle composition is for each cluster since these
particles have not been sorted for biochemical identification.
However, taking the well-known UV-LIF spectra of com-
pounds that are present in the atmosphere and these clusters
might fall into [72].
Clusters 1 and 2 are peaked at 425 nm or shorter.
Compounds containing the biological fluorophores pyridox-
ine, pyridoxamine, ferulic acid, ergosterol, and cellulose
may have fluorescence emission profiles like cluster 1 and
2 when excited by a 351-nm laser. Pyrene, phenanthrene,
naphthalene, mulberry pollen, and corn pollen mixed with
a small portion of other compounds can also generate
fluorescence similar to clusters 1 and 2.
Fig. 10. The 266- or 263-nm excited fluorescence spectral templates derived from hierarchical cluster analyses for Adelphi, MD, New Haven, CT, and Las
Cruces, NM, data. The percentage of (fluorescent) particles that cluster into each template is also shown [68].
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increasing green and red fluorescence. Compounds con-
taining the biological fluorophores NADH, neopterin,
lumazine, and chitin may have fluorescence emission
profiles like clusters 3, 4, and 5. Diesel soot, biomass
burning, S. cerevisiae, vegetative bacteria, bacterial spores
(e.g., B. subtilis), some pollens (e.g., these pollens from
ragweed, elm, cottonwood, birch, and populus deltoides)
and some fungi (e.g., Penicillum chrysogenum, Johnson
grass smut spores, Cladosporium herbarum, Aspergillus
flavus) by themselves or mixed with a small portion of
other compounds may also fluoresce similarly to cluster 3,
4 and 5. Many non-biological compounds found in the
atmosphere, including a very significant fraction of PAHs
and their oxidation products, are highly fluorescent in this
emission region. HULIS materials are also fluorescent in
this emission wavelength.
Clusters 6 and 7 have a fluorescence peak around 520–
560 nm. Compounds containing the biological fluorophore
riboflavin may have fluorescence profiles similar to clus-
ters 6 and 7. Under some conditions, pollen (e.g., red oak),aged fulvic acid, and humic acid may also fluoresce with a
similar spectral profile.
Cluster 8 has a broad emission band spanning from
blue to red and may be from a mixtures of different
compounds. Clusters 4 and 6 are similar, but with different
peak wavelengths.
Some possible factors contributing to the similarities
between clusters at the different sites and seasons by two
different excitation wavelength are (1) long-range atmo-
spheric transport and turbulent mixing tend to homoge-
nize the ambient aerosol; (2) combustion (biomass,
engines, etc.) emissions, both the primary and secondary
organic aerosol, and the new compounds generated as
these aerosols aging, may be similar at different geo-
graphic locales; and humidity, temperature and atmo-
spheric turbulent structure may affect the formation of
aerosol particles, partitioning of combustion products
between gas and particle phases, and processing of parti-
cles; and (3) the predominant fluorophors in biological
materials (tryptophan, NADH or similar compounds, and
flavins) are preserved across species. Some of the main
Fig. 11. Normalized fluorescence spectra of single atmospheric aerosol particles excited by a 351-nm laser (thin solid lines) measured at New Haven, CT,
and Adelphi, MD. The template spectrum for each cluster (derived from a HVA) is shown in thick dashed line.
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(lignans, sinapyl alcohols, etc.) are common in diverse
environments [78,79,68,70,72].7. Time series of aerosol population in different
ﬂuorescence clusters
The population of particles in each cluster varies from
more than 104 counts (e.g., cluster 8) to only a few counts
(e.g., clusters 1, 6, and 7) in a 10 min period observed by
SPFS. The time series of aerosol measurements for May
3–4, 2007 in New Mexico are presented in Fig. 12; Nephel-
ometer data are presented in dark red, which is shown as
the ratio of aerosol scattering to molecular Rayleigh
scattering, are averaged over 4-min periods. The SPFS data
are presented as total counts accumulated over 24-min
periods. They include the total aerosol particle count
(for sizes greater than about 1 μm), the fluorescence
particle count above preset threshold, and the counts for
particles having spectra falling in various spectral clusters.
The shaded areas in the figures indicate a gap in data
collection [79].It is noticeable that the most populated cluster of
fluorescent particles is cluster 8 in all locations and
seasons. The next most populated clusters are 5, 9, and
2. Weakly populated clusters are those with bacteria-like
spectra (cluster 4), cellulose/pollen-like spectra (cluster 7),
cluster 10, and clusters 6 and 1. The fraction of fluorescent
particles populating the various clusters is in general
remarkably similar for the different data sets with a few
exceptions. The concentrations of particles in the most
populated clusters (8, 5, 9, 2) appear highly correlated for
all time-series of data in New Mexico.
One striking feature of these data sets is that the
fraction of fluorescent particles falling in the various
spectral clusters appears to remain relatively constant for
periods of several weeks at a particular site. So it may not
be too surprising that at least some of the concentrations
of particles in different clusters might be correlated over
much shorter time scales. The strong correlation of con-
centrations of particles in highly populated clusters could
be hypothesized that these high correlated clusters must
have the same source regions, or from a long travel
distance with enough time to mix and age during the
atmospheric transportation process.
Fig. 12. Time series of aerosol measurements made with a Nephelometer
(red circles with cross hairs) and the SPFS for May 3–4, 2007 in Las Cruces,
NM. Nephelometer measurements shown the total particle counts averaged
over 4-min periods. SPFS measurements shown are integrated over 24-min
periods for total particle count (black circles), particles with fluorescence
above threshold (blue circles), particles populating clusters 8 (black square), 9
(light blue triangle), 4 (green diamond), 2 (red triangle), 5 (red circle), 1
(brown star), 7 (dark blue triangle pointing left), 10 (purple triangle) and 6
(purple hexagon) [79]. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
Fig. 13. (i–iv) WIBS-3 number concentrations of fluorescent and non-fluorescen
series from 22 June to 3 July 2010. Gray boxes denote when ELPI samples were
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locations and seasons also reveals some nature of time-
dependent variation of fluorescence particles (e.g.,
[34,24,25,26,101,84,69,79,80]). The diurnal cycle of visible
fluorescence particles (assigned to NNADH) observed by
WIBS-3 in northern France is noticeable, where the rela-
tive ratio of fluorescent particles (NNADH) to the total
particles (NTOT) usually increases after dark before redu-
cing again by sunrise (Fig. 13), but the relationship
between NNADH and NTRY (tryptophan particles) in this
measurement is inconsistent with other PBAP measure-
ments using WIBS-3 [101] or SPFS [79], which have high
correlation between the bacteria-like fluorescence parti-
cles (NTRY or cluster 2, 3 and 4) and HULIS-like particles
(NNADH or cluster 7, 8) as just discussed above. It was
explained to be lack of fungal spores release at this site
northern France. While in the other measurement sites,
the bacteria, fungal spores or pollen dominated the PBAP,
the results show better time-serious correlation between
various groups of fluorescence particles [26]. However, this
assumption does not totally agree with the observations
from Las Cruces, NM (Fig. 12), which is near isolated
riparian areas with very low precipitation, essentially no
trees, frequently dust storms, and has much lower popula-
tion of bacteria, pollen and fugal.t particle types (v) number fraction of NNADH and relative humidity time
running and white boxes show modeled air mass origin (Fig. 1 in [26]).
Y.-L. Pan / Journal of Quantitative Spectroscopy & Radiative Transfer 150 (2015) 12–35 29Dividing the very complex fluorescence spectra into
different clusters using HCA greatly simplified the spectral
analysis process; it could be a very good method for future
atmospheric aerosol study. Further measurements need to
be made at a single site during different seasons, and also
different sites with different regional climate, to investigate
the generality of the observed phenomena. The long-term
bioaerosol measurements that showed some seasonally and
daily time variations carried out by several research groups
using different instruments further help us in the under-
standing of atmospheric aerosol formation and transport
(e.g., [34,24,25,26,101,84,79,80]).
8. Ultrafast multi-photon-excited ﬂuorescence of
bioaerosols
Even using the information from DPFS with two dis-
persed fluorescence spectra and two elastic scattering
intensities from every single particle, it is still impossible
to identify bioaerosol particles that have similar fluores-
cence spectra and quantum efficiencies, e.g., between BG,
E. coli, diesel vapor and cigarette smoke [29]. One of the
possible methods of overcoming the limits of conventional
linear spectroscopy is to excite the fluorescence with
ultrashort laser pulses in order to access specific molecular
dynamics features in the time domain. Recent experiments
lead by Prof. J.-P. Wolf using coherent control and multi-
photon ultrafast spectroscopy have shown the ability to
discriminate between molecular species that have similar
one-photon (e.g., by 263/266 nm) excited fluorescence
spectra. This femtosecond pump-probe depletion (PPD)
spectroscopic technique can distinguish biological micro-
particles (containing amino acids (Tryptophan, Trp) and
flavins (riboflavin RBF, FMN and FAD)) from nonbiological
PAH (as diesel fuel). Diesel particulate emission in atmo-
sphere is one of the key interferents for bioaerosol
discrimination; it has similar fluorescence features as
bacteria. The femtosecond laser induced multi-photon
excited fluorescence (MPEF) technique also showed goodFig. 14. (a) Pump-probe depletion (PPD) scheme in a tryptophan molecule. Th
population in this state (and therefore the fluorescence) is depleted by the s
bacteria and diesel fuel using PPD ultrafast spectroscopy [11,12].bioaerosol discrimination between different pollen parti-
cles (Ragweed, Pecan, Mulberry) [11,13,44,45].
PPD technique is based on the time-resolved observa-
tion of the competition between excited state absorption
into higher lying excited states and fluorescence into the
ground state. Fig. 14(a) shows the scheme in a tryptophan
molecule. A femtosecond pump laser pulse (at 270 nm for
tryptophan (Trp) and PAHs, 405 nm for flavins), resonant
with the first absorption band of the fluorophores, coher-
ently excites them from the ground state. Then the linear
fluorescence emission process happens, which lasts from a
few nanoseconds to more than 10 ns depending on the
molecular structures. Meanwhile, a second 810-nm fem-
tosecond probe pulse is used to transfer part of the
population in the first excited state into higher lying
electronic states, this depletion efficiency of the popula-
tion relies on both the molecular dynamics in this inter-
mediate state and the transition probability to higher state.
By varying the temporal delay Δt between the pump and
probe laser pulses, the dynamics of molecule population in
the intermediate state and the fluorescence signal are
therefore depleted as a function of Δt. Fig. 14(b) shows a
typical PPD spectroscopy (λ1 ¼270 nm and λ2¼810 nm)
from E. coli, B. subtilis, and diesel fuel. They demonstrated
remarkable difference between bacteria and diesel fuel,
although generally they have very similar one-photon
excited fluorescence spectra.
9. Algorithms for discriminating particular bioaerosol
from atmospheric aerosol particles
For specific applications where particular bioaerosol
particles have well-defined optical properties, e.g., for a
specific preparation of bacteria or viruses, or for fungal
spores, the DPFS or SPFS can be highly sensitive using the
information from either two or one dispersed fluorescence
spectra and elastic scattering size. An optimized algorithm
to distinguish the specific particles from other interferent
and background aerosol particles based on UV-LIF rapidly,e pump pulse excite molecules into the first excited state, the molecules
econd probe pulse with a certain time delay; (b) discrimination between
Y.-L. Pan / Journal of Quantitative Spectroscopy & Radiative Transfer 150 (2015) 12–3530easily and clearly is always important. The spectral analy-
sis algorithms used in the existing instruments can be
grouped into three methodologies [67]. (1) Specific parti-
cle is determined by its signal location in a two- or three-
dimensional space where the coordinates are the fluores-
cence intensity, ratio of fluorescence intensity from UV and
visible bands, or the size and shape information from
elastic scattering of the detected aerosol particles, gener-
ally called scatter-plot. (2) Specific particle is determined
by its fast fluorescence spectral profile match through the
relative intensity comparison between different wave-
lengths (or multiple bands) associated with its fluores-
cence quantum efficiency (including size, or even shape
information). (3) Specific particle is determined by using
PCA, HCA, discriminant function analysis (DFA), or least-
square fit, etc., numerically multivariate analysis and
classification. These discrimination results can also be
presented in a special coordinate as (1). Taking the below
parameters into consideration in the discrimination algo-
rithm should greatly increase the discrimination ability,
such as the time evolution property with particular atmo-
spheric conditions and geographical conditions as dis-
cussed in Section 5.
For these systems, with one or two fluorescence spectral
bands with or without one elastic scattering intensity,
generally the discriminations can be visualized by the
particles location in a space (e.g., [77,19,93,95,27,83,41,42]).
Fig. 15 shows one of the typical scatter plots that frequently
used to illustrate the observation of various aerosol simu-
lants located in different positions. It indicates that some
common bioaerosol simulants overlap with a small fraction
of ambient particles occur in essentially all parts of the
fluorescence feature space. The presence of the fluorescent
atmospheric aerosol particles is significant because they
establish a background threshold level that a new population
of fluorescent particles would need to exceed in order to be
detected by an automated algorithm [97].
Fig. 16 shows how six different mimic fluorescence-based
detection systems can be used to discriminate particular
particles from atmospheric aerosol particles. Here, BG
(a common bacterial simulant for Anthrax) was used as theFig. 15. The fluorescence signature in two 266-nm excited spectral bands
from background aerosol particles sampled over a 2-hr period, overlaid
with the signature of some of the common simulants and interferents.
The background particles show substantial overlap with inorganic inter-
ferent kaolin and fungal spores (Fig. 3 in [97])particular particle with well-defined elastic scattering and
dispersed fluorescence spectra by DPFS. Algorithm 1 and 2 for
system only have information from total fluorescence and
elastic scattering excited by 263 and 351 nm, respectively,
such as UV-APS; Algorithm 3 for systems have elastic
scattering particle size and the integrated UV and visible
fluorescence bands such as BAWS; Algorithm 4 for systems
that have elastic scattering and two-band fluorescence
(ultraviolet and visible) excited by 263 and 351 nm somehow
similar to the systems developed by Sivaprakasam et al. [95]
and Kaye et al. [42]. Algorithm 5 for system SPFS based on
263/266-nm elastic scattering and the 263/266-nm-excited
fluorescence spectrum; and Algorithm 6 for system DPFSs
that have both 263- and 351-nm elastic scattering and both
263- and 351-nm excited fluorescence spectra. Here only the
simplest method was used for discriminating BG from
atmospheric particles by applying the relative ratio between
multiple bands of fluorescence and elastic scattering without
considering any specific algorithms such as PCA or HCA.
In general, a certain concentration is required before a
particular bioaerosol can be noticeably detected within
atmospheric aerosol particles, where a lot of particles may
have similar optical properties as the particular bioaerosol,
so the more specific the detection system, the higher
discriminating ability the system will have. The specific
functions of a detection system help improve the detection
ability of a particular bioaerosol at low concentrations
(e.g., [82,70]). Fig. 16 demonstrated the capability of six
mimic systems in discriminating among BG and atmo-
spheric aerosol particles. These particles are assigned to be
either biological (for algorithms 1 and 2) or BG-like (for
algorithms 3–6) particles at different time periods. They
differ by about a factor of 250 for the overall averages
(right) and by as much as three orders of magnitude for
some time periods (e.g., 3 am–11 am). For algorithms 1
and 2 the percentages of particles detected as fluorescent
are 16.2% and 16.5% on average. For algorithms 3–6, which
are constructed to detect BG against the natural atmo-
spheric background, the corresponding percentages of
particles that are BG-like are: 2.49%, 1.43%, 0.46% and
0.06%. The very large differences in specificities obtained
with the six algorithms illustrate the diagnostic power and
potential versatility of the DPFS. These six algorithms use
more of the information successively measured by the
DPFS regarding the fluorescence intensities, fluorescence
spectral shapes and elastic scattering, and have an ability
to discriminate against an increasingly larger fraction of
the atmospheric aerosol background in the case of parti-
cles having known fluorescence spectra. However, the
more specific system, the lower positive alarm rate, but
the more negative false alarm rate, in which particular
particle that has small optical property variation, e.g., the
same bioaerosol under slightly different growth conditions
[51] or atmospheric environments [75], could be missed by
detection.
There is always a tradeoff between the discrimination
ability and negative false alarm rate, or the sensitivity
(should be less confusing by using a detection threshold)
and the probability of detection [67,70]. In order to reduce
the positive false alarm rate, a system generally has to set
at a high detection threshold, at the same time that will
Fig. 16. (Left) percentages of fluorescent particles according to algorithm 1 (turquoise) and 2 (orange). Percentages of BG-like particles according to
algorithms 3 (magenta); 4 (blue); 5 (green); and 6 (red); (b) Percentages of atmospheric aerosol particles that cannot be distinguished from one particular
sample of BG using each of the six algorithms described in the text. The atmospheric aerosol sample of 1,419,127 total aerosol particles was measured by
the DPFS during Sept 15, 5 PM to Sept 16, 6 PM, 2009, at Adelphi, MD [70]. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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real-time detection system, a fast efficient discrimination
algorithm has to be used, such as the simple relative band
intensity comparison developed in SPFS by using 32-anode
PMT as a detector [63,64]. For laboratory-generated sam-
ples prepared in some certain conditions, fluorescence
spectra are more promising for bioaerosol discrimination,
even between different species such as the differentials
between the gas phase samples of 46 bioaerosols [8]. Their
relative LIF spectra were treated chemometrically by PCA,
HCA and linear discriminant analysis (LDA) to classify the
microorganisms according to family, morphology and
gram. In this study, the best classifications are found to
be based on LDA. Fig. 17 shows a plot of the samples on the
plane defined by the two first canonical discriminant
functions according to the name of the bacteria [8]. This
further demonstrated the discrimination power of fluor-
escence spectra.10. Detecting and characterizing single aerosol particle
on-line by ﬂuorescence
Fluorescence is an inelastic optical process having a
signal (for particles containing OC) about 3–6 orders of
magnitude less than elastic scattering. Among all the
inelastic processes, fluorescence generally has the stron-
gest signals. The fluorescence process involves three steps:
(1) transition from the vibronic states of the ground
electronic manifold to some vibronic states in an upper
electronic manifold caused by the absorption of an inci-
dent photon; (2) a non-radiative transition among vibronic
states within or between upper electronic manifolds; and
(3) lastly, a photon emission from the radiative transition
of the upper electronic manifold to some vibronic states in
the ground electronic manifold. Biological molecules are
typically very large, and consequently the vibronic states
and the electronic manifolds are dense and result in broad,
diffuse emission spectral profiles. Furthermore, many
similar biomolecules are ubiquitous among living organ-
isms. Consequently, the fluorescence signal can only be
used as a classifier and not as a species-level identifier.By shifting the excitation wavelength from 266 to
350 nm, the “NADH peak” will grow while the tryptophan
peak will diminish. Hence we can perceive the power of
dual wavelengths excitation and the advantage of 2-band
monitoring. From analyzing the difference and ratio of the
tryptophan and NADH fluorescence peaks, one can decide
that some molecules in the particle are biological. Cur-
rently the most advanced fluorescence-based aerosol
diagnostic techniques use dual-wavelengths excitation
for the tryptophan and NADH absorption bands and
multiple-wavelength detection bands or entire UV–visible
detection spectra. Using current techniques, with fluores-
cence spectra as a cue, aerosols can be interrogated at rates
up to 20,000 per second using a 32-anode PMT for spectral
detection [63,64]. The suspect bioaerosols can be sorted
(deflected aerodynamically or electronically) from the
dominant population of innocuous background particles
at rates up to a few hundred per second [66,96]. The bio-
enriched aerosols can be deposited onto the surface
of a substrate or into a liquid in a microfluidic-reservoir
for further analyses. The bio-enriched particles on a sub-
strate can be identified by optical techniques such as
FTIR or Raman scattering. Bio-enriched particles in the
microfluidic-reservoir well can be identified by specific
binding between antigens and fluorescent-tagged antibo-
dies, or possibly by DNA/RNA sequencing (e.g., [35]).
The minimum detectable background of particular
bioaerosol particles (e.g., biothreat agent) depends on the
highly variable site and atmospheric background of OC
aerosols that act as interferents to detection, even without
considering the atmospheric aging and processing as
discussed on Section 5. These interferent particles may
be PAH, humic and fulvic acids, HULIS, or bacteria that
have fluorescence emission similar to the target agents,
and can cause positive false alarms. Not only must we
decrease the false alarm rate, we must be able to detect
one threat aerosol in the ambient atmospheric background
like “finding a needle in a haystack.” This can be best
accomplished with continuous monitoring and providing
data in quasi real time. With the highest quantum effi-
ciency, elastic scattering and fluorescence provide the first
choice for the instrumentation of bio-aerosol detection
Fig. 17. Plot of the samples on the plane defined by the two first canonical discriminant functions according to the name of the bacteria (Fig. 2 from [8]).
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the instrument should be inexpensive, maintenance free,
sensitive to one ACPLA, and have low power consumption
and low false alarm rates. That will be a real challenge!
The fluorescence and elastic scattering based detection
and characterization systems supply a complementary on-
line method for studying atmospheric aerosol particles, and
can also be used as a fast classifier to a certain level for
fluorescent organic-carbon (including biological) aerosol
particles. However, even using the information obtained
from multi-wavelength excited spectrally resolved fluores-
cence and elastic scattering, it is still a big challenge to
discriminate different bacteria, and even harder to differ-
entiate the species from the same bacteria, except the aerosol
particles are grown in the same conditions, prepared and
dispersed in the same methods, and exposed to the same
atmospheric environments within the same time elapsed.
In order to develop the single-particle laser-induced-
fluorescence techniques into a more powerful analytical tool,
the compositions of atmospheric aerosol particles in each
fluorescence clusters should be identified using biochemical
identification processes, at least to a more accurate level of
classification than the present speculations that were
deduced from the well-known UV-LIF spectra (Section 6).
After building such a database by the biochemical identifica-
tion processes (e.g., [76]), any atmospheric aerosol particle
detected by fluorescence can be easily assign to acorresponding cluster with higher confidence. This then will
greatly improve the precision of aerosol determination from
their fluorescence properties, which have been identified by
applying the advanced and standardized biochemical meth-
odologies to include all the abundance and diversity of
atmospheric OC aerosol and bioaerosol particles. Therefore,
sorted aerosol particles based on the variety of fluorescence
properties need to be collected and analyzed to build such a
database. More long-term measurements and observations
at different sites and seasons are also needed to better
understand atmospheric aerosol particles. Meanwhile, more
extensive studies based on laboratory experiments and field
observations are definitively required for understanding the
complicated evolution process of OC and bioaerosol particles
under various atmospheric conditions. It is very important to
isolate the key effective OAFs, to figure out the correlation
between the changes and their corresponding OAFs, then
build the consequential model that can apply atmospheric
aging, transforming, and transporting, then provide the
fluorescence aerosol effects on climate and health.Acknowledgment
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